Chronic obstructive pulmonary disease (COPD) is a debilitating disease caused by chronic exposure to cigarette smoke (CS), which involves airway obstruction and alveolar loss (i.e., emphysema). The mechanisms of COPD pathogenesis remain unclear. Our previous studies demonstrated elevated autophagy in human COPD lung, and as a cellular and tissue response to CS exposure in an experimental model of emphysema in vivo. We identified the autophagic protein microtubule-associated protein 1 light chain-3B (LC3B) as a positive regulator of CS-induced lung epithelial cell death. We now extend these initial observations to explore the mechanism by which LC3B mediates CS-induced apoptosis and emphysema development in vivo. Here, we observed that LC3B −/− mice had significantly decreased levels of apoptosis in the lungs after CS exposure, and displayed resistance to CS-induced airspace enlargement, relative to WT littermate mice. We found that LC3B associated with the extrinsic apoptotic factor Fas in lipid rafts in an interaction mediated by caveolin-1 (Cav-1). The siRNA-dependent knockdown of Cav-1 sensitized epithelial cells to CS-induced apoptosis, as evidenced by enhanced death-inducing signaling complex formation and caspase activation. Furthermore, Cav-1 −/− mice exhibited higher levels of autophagy and apoptosis in the lung in response to chronic CS exposure in vivo. In conclusion, we demonstrate a pivotal role for the autophagic protein LC3B in CS-induced apoptosis and emphysema, suggestive of novel therapeutic targets for COPD treatment. This study also introduces a mechanism by which LC3B, through interactions with Cav-1 and Fas, can regulate apoptosis.
Chronic obstructive pulmonary disease (COPD) is a debilitating disease caused by chronic exposure to cigarette smoke (CS), which involves airway obstruction and alveolar loss (i.e., emphysema). The mechanisms of COPD pathogenesis remain unclear. Our previous studies demonstrated elevated autophagy in human COPD lung, and as a cellular and tissue response to CS exposure in an experimental model of emphysema in vivo. We identified the autophagic protein microtubule-associated protein 1 light chain-3B (LC3B) as a positive regulator of CS-induced lung epithelial cell death. We now extend these initial observations to explore the mechanism by which LC3B mediates CS-induced apoptosis and emphysema development in vivo. Here, we observed that LC3B −/− mice had significantly decreased levels of apoptosis in the lungs after CS exposure, and displayed resistance to CS-induced airspace enlargement, relative to WT littermate mice. We found that LC3B associated with the extrinsic apoptotic factor Fas in lipid rafts in an interaction mediated by caveolin-1 (Cav-1). The siRNA-dependent knockdown of Cav-1 sensitized epithelial cells to CS-induced apoptosis, as evidenced by enhanced death-inducing signaling complex formation and caspase activation. Furthermore, Cav-1 −/− mice exhibited higher levels of autophagy and apoptosis in the lung in response to chronic CS exposure in vivo. In conclusion, we demonstrate a pivotal role for the autophagic protein LC3B in CS-induced apoptosis and emphysema, suggestive of novel therapeutic targets for COPD treatment. This study also introduces a mechanism by which LC3B, through interactions with Cav-1 and Fas, can regulate apoptosis. C hronic obstructive pulmonary disease (COPD), ranked among the world's foremost health problems, is characterized by airway inflammation and destructive emphysema (1, 2) . Exposure to cigarette smoke (CS) is a major risk factor for COPD development, which occurs in approximately 15% of smokers. The pathogenesis of COPD remains incompletely elucidated, and may involve imbalance of cellular protease/ antiprotease activities as well as oxidative stress (3) . Recent studies also implicate lung cell apoptosis as a possible mechanism for COPD development (4, 5) . The role of nonapoptotic programmed cell death or survival mechanisms (i.e., autophagy) remain unclear at present.
Recently, we have demonstrated the increased occurrence of cellular macroautophagy (hereafter, autophagy) in human lung tissue from patients with COPD, and as a general response to CS exposure in rodent lungs or epithelial cells (6, 7) . Autophagy refers to a homeostatic process for the turnover of cellular organelles and protein (8) (9) (10) . During autophagy, double-membraned autophagic vacuoles (AVs) or autophagosomes surround cytosolic organelles (e.g., endoplasmic reticulum, mitochondria) or protein, and subsequently fuse with lysosomes, where the engulfed components are degraded by lysosomal hydrolases. By regenerating metabolites (i.e., amino acids, fatty acids) for anabolic pathways, autophagy can prolong survival during starvation. Currently, more than 30 autophagy-related genes and gene products critical in the regulation of autophagy, designated "atg," have been identified in yeast and higher mammals (10) . Among these, the microtubuleassociated protein 1 light chain 3 (LC3; yeast, Atg8) is cleaved from a proform by Atg4 and then conjugated with phosphatidylethanolamine by the sequential action of Atg7 and Atg3 (10) . In mammals, the conversion of LC3 from LC3-I (free form) to LC3-II (phosphatidylethanolamine-conjugated form) represents a key step in autophagosome formation (11) .
Autophagy provides essential functions in the maintenance of cellular homeostasis and adaptation to adverse environments (8) (9) (10) . The induction of autophagy to greater than basal levels occurs in response to diverse stimuli including nutrient starvation, cytokines, and oxidative stress. However, excessive autophagy may be associated with the activation of programmed cell death (i.e., apoptosis) through a cell-autodigestive process (12, 13) . The role of autophagy, whether protective or deleterious, in human diseases, or specifically in chronic lung disease remains obscure. As apoptosis is implicated in COPD pathogenesis (4, 5) , we have investigated the potential relationships between autophagy and apoptosis in a mouse model of CS-induced emphysema. In particular, we have examined the regulatory role of the autophagic protein LC3B in apoptosis pathways induced by CS.
Results
To investigate the role of the autophagic protein LC3B in emphysema development, LC3B −/− mice, WT littermate (LC3B +/+ ), or C57BL/6 mice were subjected to CS exposure for 3 mo, and their lungs were analyzed for airspace enlargement, apoptosis, and autophagy. Consistent with previous observations (14, 15) , C57BL/6 WT mice displayed marked increases in lung airspace after 12-wk CS exposure relative to air-treated controls, as determined by comparative histologic examination (Fig. S1 ) and mean linear intercept (MLI) measurements (Fig. 1A) . Similarly, LC3B +/+ WT littermate mice exposed to CS for 12 wk displayed marked increases in lung airspace after CS exposure relative to air-treated controls. In contrast, airspace was not increased in LC3B
−/− mouse lungs by CS exposure relative to air-treated controls. LC3B −/− mice exhibited significant basal airspace enlargement relative to WT littermate mice by MLI (Fig. 1A) .
Airspace enlargement caused by CS exposure in LC3B −/− and WT mice was also assessed separately by measuring the equivalent diameter of alveolar airspaces using a previously published automated image processing algorithm (16) . Consistent with the MLI measurements, the equivalent diameter of CS-exposed LC3B +/+ mice (31.5 ± 1.6 μm) was significantly greater than airtreated LC3B +/+ mice (27.9 ± 1.4 μm; P = 0.001), whereas the equivalent diameter of CS-exposed LC3B −/− mice (30.7 ± 1.8 μm) was not different from the air-treated LC3B −/− mice (29.0 ± 3.1 μm). The equivalent diameter of air-treated LC3B −/− mice was greater than that of the air-treated LC3B +/+ mice; however, the increase was not statistically significant.
Staining of lung vasculature with α-smooth muscle actin revealed vascular remodeling in CS-exposed WT mice that was not evident in CS exposed LC3B −/− mice (Fig. S2 ). To investigate lung cell death, we measured apoptotic indices (i.e., cleaved caspase-9, Bax/Bcl-2 ratio). These markers were significantly increased in the lungs of LC3B +/+ mice by CS exposure, but were not increased in CS-exposed LC3B −/− mice ( Fig. 1 B and C) . Furthermore, CS induced the accumulation of autophagic vacuoles or AVs as determined by EM, a gold standard morphological readout for evidence of autophagy, in the lungs of WT (LC3B +/+ ) mice. In contrast, a reduced number of AVs were detected in the lung after CS exposure in the LC3B −/− mice ( Fig. 1 D and E) .
To explore the mechanisms by which LC3B regulates CS-induced epithelial cell apoptosis, we examined whether LC3B can interact with known apoptosis-related factors. In mammalian cells, the "extrinsic" apoptotic pathway responds to stimuli via activation of death receptor family proteins (i.e., Fas) (17, 18).
Stimulation with aqueous CS extract (CSE) induced the extrinsic apoptotic pathway in lung epithelial (Beas-2B) cells, involving death-inducing signaling complex (DISC) formation, caspase-8 activation, and Bax activation ( Fig. S3 A-C). We examined whether LC3B can interact with mediators of this pathway. LC3B interacted with Fas under basal conditions in Beas-2B cells, whereas this interaction was rapidly disrupted after exposure to CSE ( Fig. 2 A and B) . Confocal imaging revealed that LC3B and Fas colocalized in the plasma membrane under basal conditions (Fig. 2B ), whereas the merged complex of LC3B and Fas at the cell membrane disappeared after CSE treatment.
Fas-mediated apoptosis involves the association of Fas with accessory molecules (i.e., procaspase-8, FADD). Recent studies show that Fas can localize to plasma membrane lipid rafts (19, 20) . We therefore examined whether LC3B localizes to lipid rafts. Subcellular fractionation experiments demonstrated that LC3B and Fas also localized to low-density caveolin-1 (Cav-1) containing fractions under basal conditions in Beas-2B cells and lung fibroblasts (Fig. 2C ). Cav-1 serves as structural component of caveolae, which are cholesterol-and glycosphingolipid-rich domains of the plasma membrane. As Cav-1 interacts with several membrane-associated signaling proteins (21), we examined whether Cav-1 can mediate the LC3B-Fas interaction. Cav-1, under basal conditions, interacted with both LC3B and Fas by coimmunoprecipitation assays (Fig. 2D ) and confocal imaging studies (Fig. S4) . Interestingly, both Cav-1-Fas and LC3B-Cav-1 complexes dissociated after CSE treatment (Fig. 2D) . Treatment of Beas-2B cells with siRNA targeting LC3B increased the basal interaction of Cav-1 with Fas (Fig. 3A) . Furthermore, Beas-2B cells infected with LC3B-siRNA exhibited reduced DISC formation and Bax activation in response to CSE relative to controlinfected cells (Fig. 3A) .
Proteins that bind Cav-1 typically contain canonical Cav-1-binding motifs (CBMs), ΦXΦXXXXΦ or ΦXXXXΦXXΦ, where Φ is an aromatic amino acid (W, F, or Y) and X is any nonaromatic amino acid, although proteins without such motifs are also capable of binding to Cav-1 (22) . The primary structure of LC3B contains a sequence 108 FLYMVYASQETF 119 (LC3B Cav-1 binding motif), resembling a consensus CBM. To examine whether this sequence mediates the LC3B-Cav-1 interaction, we generated amino acid substitution mutants of LC3B at position Y113. Interestingly, the Y113A mutation, an aromatic-to-nonaromatic amino acid substitution, abolished the basal LC3B-Cav-1 interaction (Fig. 3B ). Similar to observations made with LC3B-siRNA, transfection with LC3B Y113A increased the Cav-1-Fas interaction (Fig. 3B) . Overexpression of WT LC3B in Beas-2B cells markedly augmented cell death in response to CSE treatment. By comparison, overexpression of LC3B Y113A (Fig. 3C ) Cells were exposed to CSE (10%) for the indicated times, and their lysates were subjected to IP with anti-LC3B or Fas, and analyzed by WB for Cav-1. β-Actin served as the standard. also induced cell death, although to a lesser degree than the WT LC3B construct. These experiments suggest that LC3B promotes CSE-induced cell death, in part through a mechanism dependent on the Cav-1-binding motif.
To further explore the mechanisms by which Cav-1 facilitates Fas and LC3B interaction, we determined the binding sites of LC3B on Cav-1. We found that the Cav-1 scaffolding domain (CSD) is crucial to anchor LC3B in this complex. We transfected Beas2B cells WT Cav-1 or with Cav-1 bearing a mutated CSD (ΔCSD) and then assessed the interaction between LC3B and Cav-1 by coimmunoprecipitation (Fig. 3D ). Cells transfected with Cav-1 ΔCSD showed decreased interaction between LC3B and Cav-1 relative to cells transfected with the WT Cav-1 construct (Fig. 3D) . In contrast, Fas binding was not affected by the ΔCSD mutation (Fig. 3D) . These data indicate that LC3B interacts with Cav-1 through interaction between the LC3B CBM and the Cav-1 CSD domains. In lung fibroblasts derived from Cav-1 −/− mice, the LC3B-Fas interaction was diminished, suggesting an intermediate role for Cav-1 in complex formation (Fig. 3E) . Total Fas expression slightly increased in Cav-1 −/− cells (Fig. 3E, Right) .
We next examined the nature of the binding between Fas and Cav-1. As Fas binding to Cav-1 was not abolished by the ΔCSD mutation, we explored additional possible binding sites. Cav-1 has three sites of palmitoylation in proximity to the COOH terminal. In Beas2B cells pretreated with 2-bromopalmitate, a general palmitoylation inhibitor, the interaction between Cav-1 and Fas was diminished (Fig. 3F) . We then transfected Beas2B cells with a Fas mutant in which cysteine 199, a known palmitoylation site, was mutated to serine (C199S). Transfection with Fas C199S abolished the interaction between Fas and Cav-1 (Fig. 3F) . These results suggest that Fas and Cav-1 interact through palmitoylation domains. Finally, treatment of Beas-2B cells with siRNA targeting Fas diminished the Cav-1-LC3B interaction (Fig. 3G) . Taken together, these results suggest the interdependence of all three factors in complex formation, with the binding of Fas and LC3B occurring at distinct sites on the Cav-1 molecule.
The role of Cav-1 in pulmonary diseases remains controversial, and can have protective (23) (24) (25) or deleterious (26, 27) functions. Furthermore, the role of Cav-1 in COPD pathogenesis remains poorly understood. Here, we examined the role of Cav-1 in the regulation of CS-induced autophagy and cell death. In Cav-1-siRNA infected Beas-2B cells, CSE induced accumulation of autophagic vacuoles was enhanced relative to control infected cells (Fig. 4A) . Furthermore, Cav-1-siRNA-infected cells displayed enhanced accumulation of LC3B-II relative to control siRNA-infected cells (Fig. 4B) . In Cav-1-siRNA-treated Beas-2B cells, CSE treatment induced higher levels of apoptosis, as evidenced by the increased cleavage of caspase-3 and poly(ADP ribose) polymerase (Fig. 4C) . Cav-1-siRNA-treated Beas-2B cells (Fig. 4D) were more susceptible to CSE-induced cell death. To further delineate the role of Cav-1 in CS-induced cellular responses, Cav-1 −/− or WT mice were exposed to CS inhalation for 12 wk. Consistent with the in vitro findings, CS-exposed Cav-1 −/− mice exhibited significantly higher levels of autophagy, as evidenced by increased accumulation of AV (Fig. 5A ) and LC3B-II (Fig. 5B) . CS-exposed Cav-1 −/− mice exhibited significantly higher levels of apoptosis, as evidenced by activation of caspase-9 in the lung (Fig. 5C) . Although the Cav-1 −/− mice also had a basal lung airspace enlargement, they were more susceptible to the CS-induced lung injury and displayed a further enlarged airspace (Fig. 5D and Fig. S5 ).
Discussion
Our studies strongly suggest that LC3B exerts an important propathogenic role with respect to CS-induced emphysema development, by up-regulating apoptotic cell death. LC3B −/− mice were shown to be relatively resistant to changes in apoptotic indices and airspace induced by chronic CS exposure relative to their WT counterparts. As autophagic proteins play important roles in organ (i.e., mammary gland, nervous system) development (28, 29), we cannot exclude the possibility that the basal airspace enlargement of LC3B −/− mice, as detected by MLI, may reflect impaired lung development in these mice. On the contrary, analysis of alveolar diameters did not support a significant basal airspace enlargement of LC3B −/− mice. Basal airspace enlargement has been observed in other KO mouse models of critical signaling molecules, including Smad3 (30), TLR4 (31), and TGF-β-R-II (32), suggesting that molecules important in regulating cell proliferation, differentiation, or immune system function, are essential to maintain basal lung structure.
Our in vitro experiments suggest that LC3B plays a regulatory role in extrinsic apoptosis activation, through a dynamic interaction with Fas protein. These results are consistent with our previous observations that siRNA-dependent knockdown of LC3B conferred protection against epithelial cell apoptosis induced by CSE (6). The interaction of LC3B with Fas is facilitated by Cav-1, which acts as a plasma membrane anchor for these proteins. The requirement for Cav-1 in LC3B/Fas interaction, as well as reciprocal complex formation between Cav-1 and LC3B or Fas, suggests the formation of a multiprotein complex that can include all three proteins. Based on our studies, we determined that Cav-1 functions as an anchor for both Fas and LC3B; however, LC3B and Fas bind with Cav-1 at distinct binding sites (Fig. S6) . The data further suggest that LC3B knockdown inhibits apoptosis by increasing Cav-1-dependent Fas sequestration. Whether the functional role of LC3B in cell death involves autophagic functions of this protein remains unclear. Previously, we have reported that cells genetically deficient in another major autophagic protein, Beclin 1, were resistant to CSinduced extrinsic apoptosis (33) . A recent study suggested that the protective role of resveratrol, a natural antioxidant, in COPD pathogenesis may depend on the inhibition of CS-induced autophagy (34) . Further experimentation to determine the role of autophagic flux in these phenotypic observations may be warranted.
Mutation of the Cav-1-binding site in LC3B (Y113A) resulted in loss of LC3B/Cav1 interaction in vitro. Transfection of LC3B Y113A resulted in reduced apoptosis in response to CS relative to WT LC3B. These results indicate that the interaction of LC3B with Cav-1 is required for the proapoptotic function of LC3B in this model. The reduced effectiveness of LC3B Y113A relative to WT LC3B at promoting apoptosis (Fig. 3C) , may be a result of the apparent increase in Cav-1-Fas interaction (Fig. 3B ) and consequent reduced activation of the extrinsic apoptotic pathway. The dissociation of LC3B and Fas from Cav-1 is stimulated by CSE, which permits further progression of the extrinsic apoptotic pathway. The elucidation of the molecular mechanism(s) for the dissociation of these regulatory complexes by prodeath stimuli requires further investigation.
Our studies also suggest that Cav-1 can exert a functional role in CS-induced emphysema development by downregulating autophagic and apoptotic pathways. The recent studies of Volonte et al. report an emphysema-resistant phenotype in cav-1 −/− mice (35) . The authors proposed a role for Cav-1 in CS-induced emphysema based on the promotion of epithelial cell senescence, although autophagy and apoptosis were not examined (35) . In our current study, we show that cav-1 −/− mice are more susceptible to CS-induced lung injury, with respect to activation of lung cell apoptosis and AV accumulation in lung tissue. In agreement with our current findings, a recent study has also demonstrated increased autophagy in several organs in the Cav-1 −/− mice (36) . Although the Cav-1 −/− mice had a basal lung airspace enlargement, they were also more susceptible to the CS-induced lung injury and displayed a further enlarged airspace. The apparent phenotypic differences between our studies and those of Volonte et al. (35) remain unclear at this point; however, we have replicated our experiments with two independent models of inhalation CS, a nose-only inhalation delivery system used in Figs. 1 and 5, and a secondhand smoke inhalation using a total-body box. Similar results with respect to autophagic and apoptotic phenotypes in Cav-1 −/− mice were observed with both smoke exposure systems (Fig. 5D and Figs. S5 and S7). Our results of airspace enlargement in cav-1 −/− mice are further supported by observations of increased apoptosis in cav-1 −/− lungs. In summary, we demonstrate that dynamic interactions of the autophagic protein LC3B with Cav-1 and Fas regulate CSinduced lung epithelial cell apoptosis. Our study provides a mechanism by which LC3B cross-regulates apoptosis, and also suggests a pivotal role for LC3B in emphysema development, which may lead to new therapeutic targets for COPD.
Methods

Mice. LC3B
−/− mice were provided by Marlene Rabinovitch (Stanford University, Stanford, CA), as described elsewhere (37) . WT C57BL/6 mice and Cav-1 −/− mice were from Jackson Laboratories. All animal experiment protocols were approved by the Harvard Standing Committee for Animal Welfare or the University of Pittsburgh Institutional Animal Care and Use Committee.
In Vivo CS Exposure. Mice were exposed to CS from four unfiltered cigarettes 5 d/wk for 3 mo using a nose-only smoking apparatus with the chamber adapted for mice, as previously described (38) .
Lung Morphometry. Lung samples were processed for morphometric analysis, and airspace enlargement was quantified by using a previously published, automated image processing algorithm (16) , and also using the MLI method (39-41) as described in detail in SI Methods.
Cell Culture, CSE Treatment, and Cell Viability Assay. Human lung epithelial Beas-2B cells were maintained in DMEM containing 10% FBS and antibiotics. Primary mouse lung fibroblasts were cultured as described (24) and used for experiments as subconfluent monolayers at passages seven to 12. Aqueous CSE was prepared as previously described (6) . Additional details are provided in SI Methods. Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay as described previously (6) .
Transmission EM. Lung tissue sections were processed for EM and analyzed for autophagic vacuole formation as previously described (6) . See SI Methods for additional details.
Immunofluorescence Staining. After treatment, Beas-2B cells were fixed with 4% paraformaldehyde and analyzed with the immunofluorescence staining protocol as described previously (24) . Samples were viewed with an Olympus Fig. 5 . Cav-1 regulates CS-induced autophagy and apoptosis in vivo. WT C57BL/6 or Cav-1 −/− mice were exposed to chronic CS exposure for 3 mo (each group, n = 5). (A) EM images were scored for number of AVs. The data are represented as AVs per 100 μm 2 ; n = 20 images representative of each group. Western blot analysis and corresponding quantification for the LC3B-II/LC3B-I ratio (B) and cleaved caspase-9 (C) in CS-exposed mouse lungs. (D) MLI scoring of mouse lungs exposed to CS. Data represent mean ± SD; *P < 0.05. Representative images of mouse lungs with H&E staining are shown in Fig. S5 .
